Introduction
Protein constitutes over 90% of feather biomass, which is primarily β-keratin, azelon, and insoluble protein extensively cross-linked by disulfide bonds [1] . Hydrogen bonding, ionic bonding, and the hydrophobic effect of the polypeptide further endow it with mechanical strength, making hydrolysis difficult for most proteases. Because feathers contain a wealth of essential amino acids, they are considered to be a quality protein feed source with unique values [2] . The rational utilization of millions of tons of waste feathers in poultry factories will not only ease the shortage of protein resources, but will also improve the environment.
The limitations of traditional methods to hydrolyze keratin have prompted the development of microbial degradation methods that have achieved considerable success. At present, more than 30 kinds of microorganisms, including fungi [3] [4] [5] , actinomycetes [6] [7] [8] , and bacteria [5, [9] [10] [11] , have been reported to demonstrate keratinolytic properties. The majority of reports on keratin-degrading microorganisms focus on characterizing their keratinase (KT) activity and disulfide bond-reducing (DRT) activity. In fact, the biodegradation of keratin is a process that involves a variety of biological factors and definitive mechanisms. It is essential to understand the key factors of this process and the synergistic relationships that exist in the degradation of keratin.
In this study, we isolated B. subtilis 8 and observed that it possesses keratinolytic properties but low KT and DRT activities. To explain this phenomenon, we inferred the degradation mechanism from fermentation products and related enzymes secreted by B. subtilis 8.
Materials and Methods

Microorganism and Feathers
The keratinolytic strain B. subtilis 8 that was isolated from a feather disposal site by the Animal Micro-ecology Laboratory of Sichuan Agricultural University was applied for the present research. The strain was grown in basal feather medium consisting of the following:
, 0.5 g/l NaCl, 0.5 g/l NH 4 Cl, 0.1 g/l MgCl 2 , 10.0 g/l feathers; pH 8.0. Feathers collected from the chicken farm were washed thoroughly with detergent followed by ultrapure water 3 times to remove dirt and blood stains. The feathers were then dried in an oven at 60°C for 24 h.
The chemical reagents used in this study were of pure analytical grade and purchased from Sigma or Tiangen (China).
Feather Degradation with B. subtilis 8 Fermentation
Feathers were completely degraded by B. subtilis 8 at 48 h. The percentage of feather degradation was measured by weightlessness [12] . Feathers still present in the medium after fermentation were filtered through the speed filter paper. The feather residue was thoroughly washed with ultrapure water and dried to a constant weight at 60°C, at which point it was weighed to determine weight loss.
Analysis of Keratinase Activity
KT activity measurement methods were modified from Gradisar et al. [3] . The fermentation broth was centrifuged at 4,000 ×g for 15 min, and the supernatant was collected as a crude enzyme solution. The reaction system included 1.0 ml of the fermentation supernatant and 2.0 ml of Tris-HCl buffer (0.05 M, pH 8.0) to which 10.0 g of feather powder was added as the reaction substrate, followed by incubation in a 37°C constant temperature water bath for 1 h and subsequent termination by adding 2.0 ml of 20% TCA (trichloroacetic acid). After centrifugation at 10,000 ×g for 15 min at 4°C, the supernatant was gathered for measuring by chromometry at 280 nm. TCA (20%) was added before the enzymatic reaction as the control. An increase of corrected absorbance at 280 nm with the control of 0.01 was considered one unit of enzyme activity·ml
at 37°C.
Analysis of Disulfide Bond-Reducing Activity
The DRT activity was determined as described by Prakash et al. [13] with several modifications. The DRT activity was measured spectrophotometrically at 412 nm by detecting the yellow-colored sulfide formed upon reduction of DTNB (5,5'-dithio-bis(2-nitrobenzoic acid)). The supernatant (500 μl) as a crude enzyme was incubated with 0.02 g of feather powder at 37°C for 1 h. The reaction was terminated by adding 4.0 ml of 2% TCA to the reaction mixture, mixed with 1.0 ml of 10.0 mM DTNB, and centrifuged. After a 10 min incubation, spectrophotometric absorbance was measured. One unit of DRT activity (U/ml) was defined as the enzyme dosage that catalyzes the formation of 1 μM of sulfide per minute.
Scanning Electron Microscopy (SEM) Analysis of Feather Degradation
Feather samples were recovered at various time intervals (0, 8, 16, 24, and 32 h) for SEM to detect morphological changes that occur during different stages of feather degradation. The samples were dehydrated and placed in aluminum stubs. The stubs were sputter-coated with gold, observed, and photographed with an S-4800 microscope (Hitachi, Japan).
Analysis of Amino Acids and Sulfite
The culture supernatant was collected after 48 h of fermentation by centrifugation at 10,000 ×g for 15 min and then filtered through a 0.22-μm cellulose membrane (Millipore, USA) before determination. In the control group, the processes were the same regarding the addition of the seed solution. Amino acid analysis of the culture supernatant was performed on an automatic amino acid analyzer, L-8900 (Hitachi). The sulfite content was determined by BaCl 2 solution [14] .
Enzyme Purification
All operations were performed below 4°C. The crude enzyme was obtained by centrifugation at 10,000 ×g for 15 min and later precipitated by adding solid ammonium sulfate up to 25-75% saturation. Salting-out enzyme precipitation was collected by centrifugation at 10,000 ×g for 15 min at 4°C and then dissolved in ultrapure water and dialyzed (MW: 3400, Cellophane membrane; Sigma) 3 times over 8 h intervals. The enzyme sample after dialysis was concentrated by freeze-drying. The pellet was dissolved in Tris-HCl (0.05 M, pH 8.0) and applied to a DEAE-Sepharose Fast Flow anion-exchange column equilibrated against the same buffer. The enzyme sample was eluted with the same buffer at different ionic strengths (0.3, 0.5, 0.8, and 1.0 M NaCl). The active fractions showing keratinolytic properties were concentrated and desalted using an Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-3 membrane (EMD Millipore, USA). Enzyme purity was determined by SDS-PAGE on a 12% polyacrylamide gel using a mini-PAGE instrument (Bio-Rad, USA) followed by gelatin zymography for enzymatic activity [4] .
LC-MS/MS Analysis
After SDS-PAGE, the protein bands corresponding to the transparent tape were cut out and extracted by in-gel digestion with trypsin and analyzed by LC-MS/MS. Peptides were separated by liquid chromatography, and isolated samples were identified by mass spectrometry. The reliability of the experimental results of LC-MS/MS was unused ≥ 1.1 and peptides (95%) ≥ 1 (p < 0.05) as the standard. Database searches were performed using the UniProtKB database to obtain the complete protein sequence, which was then imported into the Blast2GO bioinformatic tool for gene ontology (GO) annotation. The analysis was implemented using Blast2GO software suite 4.0 with the following settings: blast DB = nr; E-Value = 1.0E-3; number of blast hit = 20; blast mode = QBlast-NCBI; E-value-Hit-Filter = 1.0E-6; annotation cutoff = 55; and GO weight = 5 [15] .
Molecular Cloning and Prokaryotic Expression
Purification of the enzymes from B. subtilis 8 was verified with molecular cloning using gene-specific primers (Table 1) . Then, we further studied the interaction of these proteases and any synergistic effects that may exist using gene expression methods. The transformants with pET-30b (+) plasmids were cultured in a 250 ml triangular flask at 30°C, with 1 mM IPTG for 6 h, and samples were taken every 2 h. The collected precipitate was detected by SDS-PAGE after ultrasonic crushing.
Hydrolysis Properties of Extracellular Proteolytic Enzymes
The KT and DRT activities of recombinant proteases with different combinations were measured respectively using feather powder as substrate. The combination of recombinant proteases are shown in Table 2 . At the same time, the hydrolysis of recombinant proteases with different combinations was observed in full feather medium in a water bath at 37°C for 4 days.
Results
Feather Degradation by B. subtilis 8 Fermentation
The feather weight loss (FWS), as well as KT and DRT enzyme activities in B. subtilis 8, were measured after fermentation for 12, 24, 36, 48, 60, and 72 h. All three parameters gradually increased, and after 36 h of fermentation, the shape of the feather in the shake bottle was no longer visible with the naked eye. FWS reached a maximum of 83.7% after 60 h of fermentation, indicating the feather had been completely degraded by B. subtilis 8 (Fig. 1) . In general, KT activity reached the maximum of 21.6 U/ml by 48 h, higher than DRT activity at that time point (17.4 U/ml). The DRT activity values were lowest (9.6 U/ml) at approximately 12 h, after which time they increased significantly and reached maximum (17.4 U/ml) levels over the next 12 h.
Scanning Electron Microscopy Analysis of Chicken-Feather Degradation
The change of feather microstructure was studied using SEM over the course of degradation (Fig. 2 ). Feather shafts with barbs ( Fig. 2A) and barbs with fine barbules could be Table 2 . Combination of different proteases. clearly observed in SEM images of uninoculated feathers. Barbules and nearly all barbs were degraded by 8-16 h (Figs. 2B-2C ). Barbules were completely degraded, leaving only the residual pinnule and feather shaft after 24 h (Fig. 2D ). Considerable degradation of feather shafts was also observed after 32 h of incubation (Fig. 2E) . The space structure of the feather shaft began to collapse, and it also was degraded by 40 h (Fig. 2F) . The samples could not be visualized at 48 h as the feather was completely degraded, leaving behind no clear structure for identification by SEM.
Analysis of Amino Acids and Sulfite
Amino acids released during feather degradation by B. subtilis 8 were analyzed from the cell-free culture supernatant after 48 h of incubation (Table 3) . During fermentation, 17 free amino acids, including five essential amino acids (lysine, methionine, phenylalanine, threonine, and valine), were produced in the sample group. The concentration of total amino acids was approximately 34.189 nmol/ml. The most abundant amino acid was phenylalanine (16.094 nmol/ml), followed by tyrosine (5.559 nmol/ml) and glycine (4.667 nmol/ml). Cysteic acid (CySO 3 H) and large amounts of NH 3 were also released during fermentation. In the control group, amino acids were 
Purification of Enzymes and Zymography
Routine preparation of crude enzyme solution was performed, and extracts were further purified using 25-75% ammonium sulfate precipitation, followed by DEAESepharose Fast Flow anion-exchange column chromatography and ultrafiltration (Fig. 3) . Compared with peak 2, peak 1 showed keratinolytic activity by anion-exchange chromatography and gelatin zymography. As a result, peak 1 was selected for the follow-up study and the retrieval rate of enzyme activity was 34.2% with 2.2-fold purification ( Table 4) . The purity was detected by SDS-PAGE followed by gelatin zymogram activity staining (Fig. 4) .
LC-MS/MS Analysis
Protein bands from SDS-PAGE were subjected to proteomic analysis. The four primary bands were excised, digested, and analyzed using LC-MS/MS. A peptide score equal to or greater than the significance threshold (p < 0.05) was considered a positive protein hit. A total of 70 proteins were identified after LC-MS/MS analysis. Based on molecular weight, 15 proteins were selected for further classification according to their GO annotations (Table S1 ). Notably, four proteins (gamma-glutamyltransferase, peptidase T, serine protease, and cystathionine gamma-synthase) were predicted to be involved in feather-degradation according to GO annotations (Table 5 ) [16] [17] [18] [19] .
Prokaryotic Expression
Using template DNA from B. subtilis 8, these four key enzymes were amplified with specific primers individually (Fig. S1) , and successfully constructed and expressed in E. coli BL21. As shown in Fig. 5 , the expression of P-Glu, PCys, and P-Pet increased gradually with time, in striking contrast to that of P-Ser. After 4 h induction, the amount of expression reached the maximum, and the mycoprotein decreased gradually with time as the target protein.
The KT activity of P-Cys measured 102.4 U/ml, the maximum of the four enzymes (Table 6 ). In P-Ser fermentation, remarkably, the KT and DRT activities were observed respectively. Because a key step of keratin degradation was the destruction of two sulfur bonds, P-Ser was chosen as the material for subsequent experiments.
Hydrolysis Properties of Extracellular Proteolytic Enzymes
The effects of different protease combinations on feather hydrolysis are shown in Table 7 . The DRT activity was improved in each combination after addition of P-Ser. When the four proteases were mixed together, the KT activity (228.1 U/ml) and DRT activity (27.4 U/ml) reached the maximum, respectively. The preliminary results showed that the four proteases played a synergistic role in the degradation of keratin. At the same time, the degradation of intact feather was observed with the different protease combinations (Fig. 6) . Compared with the addition of the monohydrolase, the addition of P-Ser increased the rate of hydrolysis of the intact feather and it began to decay, and the medium became turbid after 4 days. The feather hydrolysis effect was the most significant accompanied with obvious softening and hydrolysis of the barbules. The results showed that the hydrolysis of intact feathers by P-Glu, P-Cys, and P-Pet was promoted by the addition of P-Ser, whereas the synergistic reaction of the other three proteases enhanced the hydrolysis efficiency of intact feathers.
Discussion
B. subtilis 8 isolated from a feather disposal site has a high keratin-degrading ability. An entire feather was degraded within 48 h in basal culture medium. We observed that the DRT activity quickly reached maximum values at 24 h, followed by KT activity at 48 h. FWS took the longest to peak, reaching a maximum value by 60 h. We speculate Table 7 . Determination of the enzyme activity of different protease combinations. that the KT and DRT activities are acting in tandem on feather degradation during the fermentation process, consistent with the conclusion of Liu et al. [19] . We imaged the entire process of feather degradation via SEM. We observed that feather degradation was the most significant at 24 h (Fig. 2) , at which time the DRT activity also reached its maximum value (Fig. 1) . High levels of cysteic acid were detected in the fermentation broth ( Table 1 ). It is inferred that disulfide bonds of the cysteine from feather keratin were broken, leading to the stable secondary structure of feather keratin, which was then destroyed [20] . The reaction is described as follows:
Finally, the relevant protease acted on the porous structure of keratin so that feathers were thoroughly degraded. Sulfite was also obtained in the fermentation broth, indicating the presence of thiolysis [21] in the keratin degradation by B. subtilis 8. The reaction proceeds as follows: sulfite was secreted in some way by B. subtilis 8 to promote the degradation of feather keratin, and feather keratin after modification via sulfur was further hydrolyzed by extracellular proteases. The following equation illustrates this process:
Cys-S-S-Cys + HSO In the present study, three different types of enzymes were purified and identified from B. subtilis 8: hydrolases (peptidase T and serine protease), a transferase (γ-glutamyltransferase), and a lyase (cystathionine-γ-synthase). The function of serine protease is similar to that of keratinase [18, 22] , and peptidase T could increase hydrolysis of the protein [23] . In regard to transferases, γ-glutamyltransferase is a glycoprotein bound to the plasma membrane that plays an important role in the glutamyl cycle. This enzyme catalyzes the transfer of the γ-glutamyl moiety of glutathione to a variety of α-amino acids to generate free cysteinyl groups. These cysteinyl groups act as strong reductants that accelerate sulfitolysis of recalcitrant proteins, making them more vulnerable to attack by keratinases [24, 25] . Cystathionine γ-synthase is classified as a lyase, which catalyzes the breakdown of carbon-sulfur bonds. It is involved in the cysteine-met biosynthetic pathway, catalyzing pyridoxal 5'-phosphate-dependent γ-replacement, leading to the formation of L-cystathionine from a homoserine ester and L-cysteine that are subsequently converted to homocysteine and finally to Met, releasing a large amount of NH (Table 1) are supported by the rottenegg smell in the fermentation broth. This is the first discovery of cystathionine γ-synthase with keratin hydrolysis activity in B. subtilis 8. However, the keratin degradation mechanism of cystathionine γ-synthase in B. subtilis 8 has not yet been reported.
In this study, we established a preliminary model of keratin degradation by B. subtilis 8 by closely following the products and related enzymes during the fermentation process. The feather degradation process includes oxidative reduction, sulfur hydrolysis, and enzymatic hydrolysis (hypothesized) by B. subtilis 8, which eventually cooperate to degrade feathers completely. First, the disulfide bonds of feather keratin begin to be destroyed under mechanical action, such as sterilization. Next, the stability of the secondary feather structure is destroyed through the interaction of oxidation, sulfite, γ-glutamyltransferase, and cystathionine γ-synthase. Finally, the remaining loose structure is completely degraded by peptidase T and serine protease. This report is the first description of the mechanism of keratin degradation by bacteria since the study by Tu and Sun [28] , which examined the biochemical mechanism of keratin degradation by Streptomyces fradiae Var S-221Tu. Our study helps to characterize the mechanism of keratin degradation, and the effective biodegradation of feather keratin by B. subtilis 8 could provide guidance for future industrial utilization.
In this study, we found that the mechanism of keratin degradation by B. subtilis 8 was similar to that of Streptomyces B221, which was mainly mediated by thiolysis. Our following experiments will take thiolysis as the research direction and explore the generation and transformation forms of sulfite and other sulfur-containing substances in B. subtilis 8, in order to comprehensively analyze the thiolysis mechanism of this B. subtilis strain.
